We have developed a novel mm-wave spectrometer based on a Photonic Band Gap (PBG) channel-drop filter (CDF). There is a need for a compact wide-band versatile and configurable mm-wave spectrometer for applications in mm-wave communications and remote sensing. CDFs present us with a unique means for filtering frequencies at mm-waves. CDF is a novel concept allowing filtering the frequency spectra and channeling selected frequencies into separate waveguides through a PBG structure. We have designed a spectrometer with a CDF working in the frequency range of 90-130 GHz. The CDF can be connected to any type of antenna and detector. A large ground based outdoor antenna can be used for remote sensing with radars. A compact antenna can be used for indoor or space applications. The signal in the waveguide channels can be measured with any type of sensor such as a cooled bolometer or a room temperature mmwave diode. The size of the spectrometer is under 5 inches by 5 inches and just a quarter of an inch in thick. Multiple filters can be stacked together to construct a mission specific package. We propose to construct the filter with silicon rods on a 100mm silicon wafer using MEMS technology. We will then evaluate the filter at our mm-wave laboratory to demonstrate the channeling of frequencies in a proof-of-principle experiment at 100GHz. This technology will work well for frequencies from 60GHz to 1000GHz.
INTRODUCTION
Performing the analysis of mm-wave spectrum is essential for many applications in communications, radar receivers for remote sensing, and radio astronomy 1, 2 . The spectrometer must be wide-band, compact, easy to operate, and configurable. Creation of a novel spectrometer which satisfies the above criteria is important for both the national security 2, 3 and basic research 4 . We have designed and propose to construct and test a novel and versatile mm-wave direct-detection spectrometer based on the photonic band gap (PBG) 5 channel drop filters (CDF) 6 .
The spectrometers which are currently available at mm-waves rely on one of the following concepts. It is either a heterodyne spectrometer 7 , or a Fabry-Perot 8 , or a more sophisticated mm-wave dispersive grating 9 or a dispersive prism 10 . The main disadvantage of the most popular heterodyne spectrometer is the noise which is introduced into the device by the mixer, and which reduces the sensitivity of the system. For the real-life chemical detection this may result in lower detection capabilities. Fabry-Perot system, in turn, has to be tuned to determine the frequency of the incoming system. This requires the emission to be present for a long time and may result in some short emissions of dangerous chemicals going undetected. The quasi-optical systems, such as a dispersive grating or a prism, are bulky and employ a large array of detectors (100 detectors or more). Since space and aircraft systems are essentially purchased by the pound, this ultimately implies a higher system cost. A sweeping detector is an alternative, but it again precludes the continuous monitoring, resulting in missing some information. In addition, operation of the Fabry-Perot system and the quasioptical systems require the experienced personnel. All these issues can be overcome by employing the novel PBG CDF concept.
The concept of a PBG CDF relies on the intrinsic property of the photonic band gap structures to filter frequencies 5 . PBG structures are periodic dielectric structures. They can be one-,two-, or three-dimensional ( Figure 1 ). The most *smirnova@lanl.gov 21d 1111 3D common two-dimensional PBG structure is a periodic system of dielectric rods. This structure can be employed for a construction of a channel-drop filter. All PBG structures may possess band gaps, which are ranges of frequencies where the electromagnetic waves cannot propagate through the structure and are reflected. If a defect is introduced into the structure, then a mode with a certain frequency in the middle of the band gap may exist in the vicinity of the defect. In case of a 2D structure of rods the defect can be in a form of a rod of a different size or just a missing rod. The idea of confining a select frequency in the middle of the band gap is exploited to create a channel drop filter.
We have designed a photonic band gap structure which would have a wide (wider than 20 per cent) band gap at mmwaves, just around 100 GHz. Next, we designed defects in the structure which would filter given frequencies from the band gap. We studied the dependence of the filtered frequencies on the geometry of defects. We adjusted the defects so that the filtered frequencies would be exactly the frequencies of the spectral lines of the methyl chloride, but scaled down to around 100 GHz. We propose to build and test a PBG CDF with those defects placed in series. The designed structure would serve as a compact and easy-to-operate mm-wave spectrometer for detection of the methyl chloride. The spectrometer can be also redesigned for detection of the other chemicals of the interest. Figure 1 : Examples of one-, two-, and three-dimensional photonic band gap structures (a system of dielectric plates, a system of dielectric rods, and a system of dielectric balls ).
CONCEPT OF A CHANNEL-DROP FILTER
The proposed PBG spectrometer consists of two parallel photonic crystal waveguides. The waveguides are the defects in a square lattice of rods in form of rows of removed rods (see Fig. 2 ). Regular metallic waveguides (for example, WR8 at 100 GHz) can be connected to PBG waveguides, and the power will transmit from one waveguide into another. The PBG waveguides are coupled by two micro-cavities. The cavities are formed by the rods of the diameters, which are different from the diameters of the rods in the structure (shown in red in Fig. 2 ). Each cavity supports a single mode with the frequency inside the band gap. The coupling into the cavities is adjusted by altering the dimensions of four more rods (shown in blue in Fig. 2 ). The power from the input waveguide will be directed into the main output waveguide at all the frequencies except for the one, supported by the micro-cavities. The frequency, which is supported by the micro-cavities will resonate and couple into channel 2. The signal at channel 2 is shown in Figure 3 .
The channeled frequency can be tuned by adjusting the size of the rods at the center of the micro-cavities. Placing the detector at the output of channel 2 provides an opportunity for detection of the frequency of interest. If multiple filters with different frequencies are stacked in series then this system will present a spectrometer. The spectrometer will determine if the unknown spectra contains the set of given frequencies. The filter can be connected to any type of antenna and detector. A large ground based outdoor antenna can be used for either long detection ranges or higher detection sensitivity. A compact antenna can be used for indoor applications. This spectrometer could be added to a space detection system by coupling to a main detection antenna. The signal in the waveguide channels can be measured with any type of sensor such as a sensitive cooled bolometer or a room temperature mm-wave diode. 
A CDF SPECTROMETER FOR DETECTION OF THE METHYL CHLORIDE
We have designed a particular version of a PBG CDF spectrometer which can be employed for the detection of the spectra of methyl chloride. Methyl chloride (with Cl 35 ) exhibits three distinct spectral lines at mm-waves, at 237 GHz, 262 GHz, and 288 GHz at atmospheric pressure 11 . The designed PBG CDF spectrometer consists of an input waveguide, main output waveguide, and three separate output waveguides (Fig. 4) waveguide by means of a filter representing two coupled resonant cavities in a PBG structure. The design was performed using the CST Microwave Studio commercial electromagnetic software 12 . The interaction is fine-tuned by adjusting the sizes of the coupling rods, so that the signal at each frequency of interest is totally coupled into the corresponding waveguide. The unknown spectra will be collected by an antenna and coupled into the main waveguide. The frequencies of 237 GHz, 262 GHz, and 288 GHz will be sampled by the detectors at the output waveguides. If signal is detected at all three channels, then it can be concluded that the methyl chloride is present and produces the spectral lines.
We have scaled the design to W-band (around 100 GHz) with the scaled resonance frequencies at 91.000 GHz, 100.60 GHz, and 110.58 GHz. The reason for the downscale is to simplify the proof-of-principle experiment, which we plan to conduct at our laboratory. Our mm-wave laboratory equipment includes a HP 8510C network analyzer and an Oleson Microwave mm-wave test stand 13 , which operates from 90 to 140 GHz. We wanted to simplify the initial proof-ofprinciple experiment so that no additional equipment would have to be purchased. Figure 5 shows the results of our computations of the transmission characteristics of the scaled PBG CDF spectrometer. The power at all the frequencies proceeds along the main waveguide into the main output. However, the frequency of 91.000 GHz will couple into waveguide 3, the frequency of 100.60 GHz will couple into waveguide 4, and the frequency of 110.58 GHz will couple into waveguide 5. Figure 6 shows the field profiles at 91.000 GHz, 100.60 GHz, 110.58 GHz, and one other frequency (107.00 GHz was chosen as a sample). The coupling of the power through the resonant cavities is clearly seen at the three frequencies. No power couples through the resonant filters at other frequencies. It can be seen from the figure that cavities 1 and 2 resonate in a lowest TM 01 -like mode, whenever cavity 3 resonates in a higher-order TM 11 -like mode. 
FABRYCATION OF THE MM-WAVE CDF SPECTROMETER
As a next step we plan to start with the Fabrycation of a single-channel filter operating at the frequency of 100 GHz. We consider the MEMS technology for the Fabrycation. We have contacted MEMS-exchange commercial manufacturing company 14 and discussed a preliminary plan for the construction of the filter. The rods will be etched on a 10 cm silicon wafer ( Figure 7) . The wafer will be gold-plated to form the up and down walls of the waveguide. The PBG waveguides will be connected to standard WR8 waveguides. The dimensions of the rods are listed in a table inside of the Fig. 7 . The thickness of the system will be of the size of the WR8 waveguide, which is under one eighth of an inch.
We will test the filter in our mm-wave laboratory. We will determine the transmission characteristics with the mm-wave network analyzer system and verify that they agree with the simulation.
Next we will construct the filter according to our scaled proof-of-principle design for the methyl-chloride detection. In the proof-of-principle experiment we will measure the transmission characteristics of the constructed spectrometer. We will compare the transmission characteristics to our simulations to validate the design. We will study the dependence of the transmission characteristics on the Fabrycation tolerance. We will also study the losses in the experiment, which will determine the expandability of the design. Although losses due to finite loss tangent of the silicon can be modeled (high resistivity silicon does have a loss tangent of 10 -4 at mm-waves), the losses in a real-life system will depend on the Fabrycation technique, surface roughness, connections, etc.
Finally, we plan to study the applicability of the MEMS technology towards Fabrycating of the spectrometers at higher frequencies. We believe that it will be applicable for the frequencies up to 1 THz. However, we may consider different technologies for Fabrycating this higher frequency version of the filter than we used for Fabrycating the one at W-band.
CONCLUSION
We have designed a novel wide-band, compact, real time, versatile and easy-to-operate mm-wave spectrometer, which is based on photonic band gap channel drop filters. The proposed spectrometer is light and transportable, and still sensitive. It overcomes heterodyne spectrometers from the point of view of the sensitivity, because is a direct detection device. In addition, the sensitivity of the PBG CDF spectrometer can be improved by employing a cooled bolometer detectors at each output waveguide. The PBG CDF spectrometer is much smaller than quasi-optical spectrometers, such as dispersive mirror-gratings and prisms, and smaller than the Fabry-Perot systems. Finally, this new spectrometer is easy to operate and does not require tuning unlike the Fabry-Perot spectrometers. With the PBG CDF spectrometer, the continuous monitoring of unknown mm-wave signals can be performed at low cost with the minimal training for the operator. This novel spectrometer is un-powered and is a logical choice for future space missions.
As a next step, we plan to validate our design experimentally. We will construct the PBG CDF spectrometer with help of the modern MEMS techniques. The spectrometer will be tested at the mm-wave regime at Los Alamos National Laboratory.
